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Abstract 
A small hermetic piston compressor is built to compress the refrigerant carbon dioxide (COz). The compressor is 
able to compress C02 gas from 30 bar pressure up to 130 bar pressure in one stage. A performance test has been 
conducted in a compressor test rig which is built to test small C02 compressors. Maximum test pressure is 140 bar. Experimental results have been displayed in a pressure ratio range which is typical for C02 compressors in most 
applications. The compressor efficiencies recorded from the first prototype before any adjustments are promising. 
Introduction 
Engineers around the world have put a lot of effort into the search of new refrigerants after the CFC refrigerants 
were banned some years ago. Vast resources have been used in the development of new complicated chemical 
refrigerants with an unknown long-term impact on both the environment and human beings. These new chemical 
refrigerants intend to replace the old ones which was exclaimed harmless when they were launched into the 
commercial market. The results from this effort should be looked upon as a short time solution because the ''final" 
refrigerants solution should be natural substances which exist in the biosphere and which are known to be harmless. Natural refrigerants which have gained attention and should be further explored, are hydrocarbons, water, air, 
carbon dioxide ammonia, nitrogen and the noble gases. An ongoing PhD thesis conducted by the author investigates 
compression of C02 in piston compressors. The research part of the PhD thesis started autumn 1994. Late autumn 1995 a modem small hermetic C02 piston compressor was installed and run for the first time in a C02 compressor test rig. Both the compressor and the test rig are designed by the author. There are several reasons why carbon dioxide as a refrigerant should be profoundly explored. An extensive review is found in /11, /2/, /3/, /4/, 151, /61 and 171. 
A brief summary of some of the advantages of the refrigerant C02 are given below: 
• Global Warming Potential (GWP) is zero since the gas is recovered from waste gas. 
• Ozone Depleting Potential (ODP) is zero. 
• Non flammable and non explosive. 
• Non toxic and non irritating decomposition products. 
• Excellent thermodynamics properties. 
• Weight reduction due to smaller tube dimensions and smaller compressor both caused by a high gas density. 
• The price is a fraction of today' s available refrigerants. 
These points reveal many aspects of the refrigerant C02. It therefore deserve a profound investigation not only at a 
theoretical level. 
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C02 compressor test rig 
A performance test rig was build with the main objective to test small C02 compressors. The design pressures are 30 
bar low side pressure 100 bar high side pressure and an intermediate heat exchanger pressure of 40 bar. Maximum 
operation pressure is 140 bar. This maximum pressure should be high enough to cover the working pressure ratio 
range of C02 compressors. The selected system is also known as Closed Loop System and applies just one heat 
exchanger which acts as a gas cooler. This gas cooler rejects the heat absorbed by the gas within the compressor. 
Instrumentation of the C02 test rig and the C02 compressor 
The test rig is thoroughly equipped with thermocouples and pressure transducers which are applied to measure mean 
quantities. These records are applied to decide the gas inlet and the gas outlet condition to the compressor and also 
the refrigerant mass flow rate. 
The hermetic C02 compressor is equipped with instruments measuring dynamics quantities. Piezo-electric 
transducers were chosen to measure the cylinder pressure, the discharge chamber pressure and the suction chamber 
pressure. In additional the compressor was equipped with thermocouples. A combined velocity and piston position 
sensor was mounted on the compressor. A special signal cable feedthru connector was build to convey the 
measurement signals through the compressor shell and at the same time withstand a maximum gas pressure of 55 bar 
without any leakage. 
The development of a hermetic C02 compressor 
The design condition of the hermetic C02 compressor was 30 bar suction pressure and 100 bar discharge pressure. 
The corresponding saturation temperature to 30 bar is -5.6°C. The discharge pressure is at a super critical pressure 
since critical pressure is equal to 73.8 bar i.e. the compression is trans-critical. Superheating of the gas before 
entering the compressor was set to 1 0°C. Maximum operating pressure was set to 130 bar and maximum operation 
pressure difference was set to 100 bar. The basis of the hermetic C02 compressor was a standard hermetic Danfoss 
SClOD compressor which was originally build to compress HCFC-22. The original electric motor was exchanged 
with a SC15D compressor motor. The SC15D electric motor and its start equipment are the only HCFC compressor 
parts which remain original. The compressor block, the crankshaft, the connecting rod and the compressor shell 
applied in the hermetic C02 compressor were original SC 1 OD compressor parts that were modified to suite the new 
requirements. 
The maximum pressure difference across the piston in the C02 compressor was set to be four times higher than in 
the HCFC compressor. The Danfoss SC15D compressor motor is able to provide approximately 44% higher torque 
compared to a SC lOD motor at design condition. Calculations showed when the compressor motor size and the 
maximum operation gas pressure difference were taken into consideration, that the swept volume of the CQz 
compressor could be 2.6 cm3• 
The gas leakage across the piston was made as small as possible with the help from piston sealing rings. In addition 
the piston was made longer than in HCFC compressors. 
The original compressor was equipped with a ball connection between the piston and the connecting rod. A 
traditional connection solution between the piston the connecting rod was chosen. This connection is the critical part 
of the C02 compressor even with an oil system which lubricates the upper connecting rod bearing and a bush 
bearing material which demands minimum lubrication. 
It was necessary to design a completely new valve arrangement. The main reason was the four times higher pressure 
difference across the valves. Reed valves of common shapes were chosen for the C02 valve arrangement. A simple 
valve simulation computer program was made in C-language which applies real gas equation of state to calculate the 
necessary refrigerant properties. The valve design comprised of an iteration cycle which consisted of a 
thermodynamics part and a material strength part. The valve strength calculation was conducted with a finite 
element program package (ANSYS). The final draft of each valve parts was drawn with a AUTOCAD program. 
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A set of reed valves were manufactured both by a laser cutter and a water/sand jet cutter after a DXF file made by AUTOCAD. The valves made from the last method was chosen. A calculated indicator diagram of the final valve draft is shown in figure 6. 
Naphtene mineral oil with 100 eSt at 40°C was chosen as compressor lubrication oil. The main reason why an oil 
with such high viscosity was chosen was the anticipation of low viscosity under the influence of pressurised C02 gas. Experimental results with C02 gas and mineral oil was reported in /8/. This paper revealed that the viscosity of 
a mineral oil with 32 eSt at 40°C reduced its viscosity with 69% when the oil was mixed with C02 gas under a temperature of 26.7°C and a pressure of 26.9 bar. A well known petrochemical computer program package called PROCESS gave the same trend i.e. a severe reduction in oil viscosity and negligible dissolution of C02 gas in the 
mineral oiL Polyolester oils could also be used but this kind of oil demands proper treatment since this is very hygroscopic and was of this reason not used in the experiments so far. 
Experimental results 
Every experimental result, shown in this paper, have been conducted at an evaporation temperature of -5.6°C and 
with a gas superheating of 1 0°C before the gas is entering the compressor shelL Measurements have been taken at discharge pressure both under and above critical pressure. 
The crank shaft speed was measured to 2940 rpm at a pressure ratio of two and 2880 rpm at a pressure ratio of four. 
The calculation of volumetric efficiency (/..) was carried out after equation I where m is refrigerant mass flow rate [kg/s], p is gas density [kg/m3] and V is swept volume [m3/s]. The energy efficiency (l)) was calculated after 
equation 2 where P is the supplied power to the compressor motor [W], m is refrigerant mass flow rate, h is 
enthalpy [J/kg] and the tenn hisen1ropic minus his the specific isentropic compression work 
Equation 1: m 1..=-. 
pV 
Equation 2: 
m ( hisentropic - h ) 
11 =----=----
p 
Volumetric efficiency and energy efficiency are plotted as a function of pressure ratio in figure 1 when the gas pressure and the gas temperature at the inlet at the compressor shell is applied to calculate gas density (p) and 
enthalpy (h). The gas pressure at the outlet of the compressor shell is applied as the high side pressure. Comparing to figure 1 the efficiencies in figure 2 are calculated with another temperature reference when the density (p) and the enthalpy (h) were calculated. The temperature reference is now the temperature measured in the suction 
chamber and the pressure measurements are the same that were applied to calculate the efficiencies in figure I. 
The oil temperature measured in the oil sump is plotted in figure 3. The gas temperature in the discharge chamber is 
also plotted in the same figure. 
The gas temperature differences between the discharge chamber and the compressor shell outlet as function of pressure ratio are displayed in figure 4. The refrigerant mass flow rates are also displayed in figure 4. 
Figure 5 shows the supply of power to the compressor . 
Conclusion 
The service pressure ratio range of a C02 compressor would normally be between 2 and 4. This is quite different 
compared to a HCFC-22 compressor in which the working pressure ratio starts at about 4 and higher. This fact must be taken into consideration before any conclusions are drawn. The results of this performance test of the C02 compressor should be compared with a compressor which has equal cooling capacity. It will be conducted some 
reference perfonnance tests with a HCFC-22 compressor with about four times larger swept volume during the 
spring 1996 with the object of a comparison. 
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The compressor efficiencies measured and presented are quite good for such a small compressor. It might be 
competitive with a HCFC~22 compressor in its own working pressure ratio range. The gas temperature in the 
discharge chamber and the oil temperature are quite noticeable because of their relative high values. The heating of 
the induced gas inside the compressor shell was also quite high. The gas temperature in the suction chamber was a 
couple of degrees Celsius lower than the oil temperature. 
It is also necessary to conduct a closer investigation with the intention to reduce heating of the gas inside the 
compressor shell. It was observed a considerably over compression in the cylinder but also a pressure increase in the 
discharge chamber at the same time. It is assumed that it was caused by a too small discharge chamber volume 
and/or a too small discharge tube (inside the compressor shell). A larger discharge chamber volume and/or discharge 
tube would imply a positive effect on several parameters. Pressure measurements taken by the Piezo transducers 
gave the proper pressure trends/behaviour but each transducer gave a wrong output voltage level (from the charge 
amplifiers). Results from these transducers are not presented here but will be published later. 
Acknowledgements 
The author gratefully acknowledge Dr. Anthony B. Tramschek for the time he spend on several discussions (and 
private lectures) with the author on compressor technology in general but mostly on valve design during a 5 months 
spring term visit, 1995, at Department of Mechanical Engineering, University of Strathclyde, Scotland. 
The author acknowledge the economical support of the Norwegian Research Foundation which made it possible to 
build the hermetic C02 compressor and the C02 compressor test rig. 
The author would also like to thank: 
• Danfoss Compressor GmbH, Germany for their support of standard hermetic compressor parts. 
• AE Goetze GmbH, Germany for their support of piston rings. 
• Uddeholm Strip Steel AB, Sweden and Sandvik Strip Steel AB, Sweden for their support of appropriate strip 
steel to the reed valves. 
References 
1. Lorentzen, G., and Pettersen, J.: New Possibilities for Non-CFC-Refrigeration, Proceedings from the TIR-
sponsored International Symposium on Refrigeration, Energy and Environment, Trondheim, Norway, June 1992, 
p. 147-163. . 
2. Lorentzen, G.: Application of "Natural" Refrigerants: New System Concepts For The Use of COz, IIF/IIR 
Meeting, Ghent, May 1993. 
3. Pettersen, J. and Lorentzen, G.: A New, Efficient and Environmentally Benign System for Automobile Air 
Conditioning, 1993 Vehicle Thermal Management Systems Conference Proceedings, SAE Paper 931129. 
4. Pearson, S.F.: Development of improved secondary refrigerants, Refrigeration and Air Conditioning, June 1993, 
p. 15-18. 
5. Lorentzen, G.: Natural Refrigerants, A Complete Solution, CFC's, The Day After Conference Proceedings, 
Padove, Italy, 1994. 
6. Lorentzen, G.: Revival of carbon dioxide as a refrigerant. Int. J. Refrigeration, Volume 17 (1994), Number 5, 
p.292-301. 
7. Pettersen, J.: An efficient New Automobile Air Conditioning System Based on C02 Vapour Compression. 
ASHRAE Transactions, Vol. 100, Part 2, 1994, p.657-665. 
8. Beerower, A. and Greene D.F.: The behaviour of lubricating oils in inert gas atmospheres, ASLE Transactions, 




~ ~~ t . . ..± . f ~; ~ ~ 0.7 +f_<lll ___ t+------"--'~.----;..--+t 0.6 _OCII = 0.6. Q) • .,. • ••• -
..2._ 0.5 t.,. -.. 0.5 i 
_.,j. i > ~ o.4 + _ _!-__ . • T • . 1 o.4 ~ :::> 0.3 ; 0.3 &:;; 
o tT_J•t====;======~=======C~+ W > 0.2 ± 0.2 
0 i+-t ___ .i...._ __ :-----1---t 0.1 
.0 + 0 
2 3 4 
Pressure ratios 
Figure 3 
180 ..,., ---~----,,-----.,---r. 180 
+ + • i 
! Q) (ij'160 160 
2' ~ 140 140 m- ~ 
i3 g 120 120~ ~ ~= m~ 
"C 2! 100 100ai !I! E:m a.--a.·~80 aoe= 
Q) ! ~aioo oo:~ -~ 0~ 
:l!ij40 40 
CJ~ 
u 20 20 
0 0 







> u 0.8 
c 
Ill 0.7 
0 0.6 i 





















; ~ 8 
.e G! 
0 ... Q.CL 
E E 4 







·~·l·- .. 1_ l 
' : ... 






2 3 4 
Pressure ratios 
' ! ! I 
' 
• --* . 
. J .'1 
T".. . I i 
• • ••• •• i . ~ 






. _.,.. I I 
.-. l I I 
_l : 




>-0.7 u r;: 
0.6 CD 0 
0.5 = Q) 























I ~ 800 I c 700 
.2 





E. 600 E 
~ 
Ill 
r;: 500 0 
u 









0 300 ll. 
200 
2 3 4 
Pressure ratios 
233 





Ill 80 a 
I!! 




c. 60 a; 
"0 








Suction pressure: 30 bar 
Discharge pressure: 1 00 bar 
Gas temp.(suction chamber): 60°C 
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Cylinder volume [m3] 
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